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Forward genetic screens using novel assays of nematode chemotaxis to soluble compounds identified three independent
transposon-insertion mutations in the gene encoding the Caenorhabditis elegans dynein heavy chain (DHC) 1b isoform.
These disruptions were mapped and cloned using a newly developed PCR-based transposon display. The mutations were
demonstrated to be allelic to the che-3 genetic locus. This isoform of dynein shows temporally and spatially restricted
expression in ciliated sensory neurons, and mutants show progressive developmental defects of the chemosensory cilia.
These results are consistent with a role for this motor protein in the process of intraflagellar transport; DHC 1b acts in
concert with a number of other proteins to establish and maintain the structural integrity of the ciliated sensory endings
in C. elegans. © 2000 Academic Press
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In animals that possess a differentiated nervous system,
chemosensation comprises at least two related submodali-
ties: the detection of volatile odorants, or smell, and the
detection of soluble compounds, or taste. Each of these
senses can convey information regarding the attractive or
repulsive properties of a given compound, organism, or
environment. Chemosensory information is adaptively ex-
ploited by organisms as diverse as bacteria and higher
mammals; animals detect potential mates, food sources,
predators, and pathogens using taste and smell.
The nematode Caenorhabditis elegans will respond to a
wide variety of compounds including soluble molecules
such as salts and amino acids (Ward, 1973; Dusenbury et al.,
975; Bargmann and Horvitz, 1991b), volatile organic com-
ounds (Bargmann et al., 1993), and pheromones (Golden
nd Riddle, 1984; Bargmann and Horvitz, 1991a). Many
hemotaxis-defective mutant strains have been identified
n a variety of screens for osmotic avoidance (Culotti and
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All rights of reproduction in any form reserved.ussell, 1978), thermotaxis (Komatsu et al., 1996), dauer
ormation defects (Albert et al., 1981), dye-filling defects of
he sensory neurons (Starich et al., 1995), and soluble
Dusenbury et al., 1975; Lewis and Hodgkin, 1977) or
olatile (Bargmann et al., 1993; Sengupta et al., 1996;
oayaie et al., 1998) compound chemotaxis. A subset of
hese mutants show pleiotropic defects on some or all of
hese behaviors, reflecting a defect in the structural integ-
ity of the sensory neurons (Perkins et al., 1986; reviewed in
argmann and Mori, 1997).
Most sensory systems present the transducing mecha-
ism within the context of a morphological specialization,
he shape of which is determined by a ciliated microtubule
ormation. The C. elegans nervous system is relatively
imple (Ward et al., 1975; Ware et al., 1975; White et al.,
1986). Sixty of the 302 neurons in the worm are ciliated (Fig.
1A) and thought to play a sensory role (White et al., 1986).
Of these, 26 are exposed to the environment (Figs. 1B and
1C) through several sensilla and are thought to detect
soluble compounds (Bargmann and Horvitz, 1991b). Other
ciliated neurons (AWA, AWB, AWC, and AFD) are associ-
ated with the sensilla endings but are not in contact with
the environment. These have been shown to be involved in
odorant chemotaxis (Bargmann et al., 1993) and thermo-295
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296 Wicks et al.taxis (Mori and Ohshima, 1995). Some of the remaining
ciliated neurons are mechanosensory (Kaplan and Horvitz,
1993). Finally, a subset of nonciliated neurons are also
thought to possess a sensory function. The most well
established of these are the touch cells which have been
shown to respond to body touch (Chalfie et al., 1985) and
ibration (Wicks and Rankin, 1995).
The morphology of the chemosensory cilia in the worm
aries somewhat between neurons (Perkins et al., 1986).
he subset of taste neurons that project through the sensilla
o contact the environment possess a cilium with a simple
orphology (Fig. 1C). A single or double finger-like cilium
rojects from the main process of these cells through a
heath and socket structure in the cuticle. Many mutants
hat affect sensory cilia structure have been described
Lewis and Hodgkin, 1977; Albert et al., 1981; Perkins et al.,
986) and some characterized (Shakir et al., 1993; Collet et
l., 1998; Roayaie et al., 1998). These data, and data from
other experimental organisms, have resulted in a proposed
mechanism for cilia development, called intraflagellar
transport (IFT) (Kozminski et al., 1993).
IFT is a process through which the active transport of
material essential to the growth of a developing cilia is
mediated by a (1)-end directed motor protein such as the
kinesins FLA10 in Chlamydomonas (Walther et al., 1994)
and OSM-3 in C. elegans (Shakir et al., 1993). These motor
proteins transport a raft complex from the base to the distal
end of cilia. These rafts presumably contain material re-
quired for the growth and maintenance of cilia (Rosenbaum
et al., 1999; Saxton, 1999). The transport of material from
the distal end of cilia back to the cilia base is also mediated
by a motor protein. Recent work in Chlamydomonas (Pa-
FIG. 1. The disposition of ciliated sensory neurons in the worm
body (A) and head (B) is shown. Each of these neurons possesses a
ciliated sensory specialization. A schematic of one such ending
that projects through the cuticle of the worm and is therefore
thought to be taste specific is shown (C). Based on previous
descriptions (Ward et al., 1975; Ware et al., 1975; White et al.,
1986).Copyright © 2000 by Academic Press. All rightzour et al., 1999) showed that the 1b isoform of the dynein
heavy chain (DHC) is responsible for this function.
In order to determine how taste information is trans-
duced and integrated by the nematode nervous system,
genetic screens for spontaneous mutations that disrupt
responding on two unbiased assays of chemotaxis behavior
were performed. Three transposon insertion alleles of the
relatively uncharacterized 1b isoform of the cytosolic dy-
nein heavy chain gene were isolated in forward mutant
screens using these assays. These mutants show defective
chemotaxis to, and avoidance of, a wide variety of com-
pounds. Expression of the dynein heavy chain subunit is
spatially and temporally correlated with the outgrowth of
ciliated endings. Furthermore, all mutants show defects in
the morphology of chemosensory endings that are caused
by the disruption of the 1b dynein motor protein in these
cells and the consequent inability to form intact sensory
cilia in the developing neuron. These results are consistent
with recent findings that suggest that DHC1b acts as the
motor for retrograde IFT in Chlamydomonas (Pazour et al.,
1999).
EXPERIMENTAL PROCEDURES
Strains and Mutagenesis
All animals were maintained according to standard methods
(Brenner, 1974). For transposon mutagenesis screens, the strain
NL917 [mut-7(pk204)III; Ketting et al., 1999] was used. For
complementation crosses, the canonical che-3(e1124)I allele was
crossed into DR102 [dpy-5(e61)unc29(e403)I]. Males from this
cross were then mated to che-3(pk359) hermaphrodites and the F1
offspring were assayed. PCR was used to follow transposon inser-
tions through crosses and to determine homozygosity. Confocal
studies of ciliated sensory endings were done by crossing the
che-3(pk359)I mutant into strains carrying a gene encoding either
a GPA-13::GFP fusion protein [NL1609] or a GPA-15::GFP fusion
protein [NL1611] on integrated arrays. The strain MT8189 [lin-
15(n765)X] was used as a marker for germ-line transformation.
Nematode Chemotaxis
Soluble compound chemotaxis assay. Nematode chemotaxis
to soluble compounds was assessed on four-quadrant petri plates
(Falcon X-PLATE; Becton–Dickinson Labware, U.S.A.). This quad-
rant assay is described in detail elsewhere (S.R.W. and R.H.A.P.,
manuscript in preparation). Each quadrant was separated from
adjacent ones by plastic spacers (Fig. 2A). Pairs of opposite quad-
rants were filled with 12.3 ml of buffered CTX agar (2% agar, 10
mM Mops, pH 7.2, 1 mM CaCl2, and 1 mM MgSO4) containing
ither a dissolved attractant or no attractant (Fig. 2A). A population
f animals (1000–2000) was washed several times in a low-salt
uffer, gently placed within attractant-containing quadrants in a
-ml volume, and allowed to partition in time (Fig. 2C). Individual
worms that left and failed to reenter these quadrants by the 45-min
time point were selected and bred.
Soluble compound aversion assay. Genetic screens for animals
defective for avoidance of aversive compounds were carried out on
assay plates with 103–104 worms per plate. The assay plates weres of reproduction in any form reserved.
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297CHE-3 in Caenorhabditis elegansprepared by pouring 5 ml of chemotaxis agar (1.5% agar, 75 mM
NH4Cl, 10 mM Mops, pH 7.2, with NH4OH, and 0.25% Tween 20)
into a 9-cm petri dish. A thin line (25 ml) of an aversive compound
(e.g., copper as 150 mM CuSO4, 2% SDS, or high osmotic pressure
s 4 M fructose) (Ward, 1973) was poured across the midline of the
etri dish and another 25 ml traced in a semicircle around one half
f the dish (Fig. 2B). Young adult worms were washed twice with
-basal buffer to remove bacteria. Immediately after the compound
as absorbed into the chemotaxis agar, worms were placed on one
ide of the assay plate in a small volume of buffer. Excess buffer was
arefully removed with tissue paper. A volatile attractant (2 ml of
isoamyl alcohol 1:10 dilution in ethanol) was placed across the
assay plate 1 cm from the opposite edge with the aversive semi-
circle. Normal, healthy worms approached the attractant, but
stopped abruptly at the boundary formed by the repulsive com-
pound (Fig. 2D). Individuals that passed through the aversive
barrier were isolated and allowed to produce self-progeny. To
quantify the behavior of a given strain, an aversion index was
calculated by dividing the number of worms that, 1 h after placed
on the plate, crawled through the aversive compound by the total
number of worms on the plate (approximately 250–500). This index
includes all animals that attempt to crawl up the side of the plate.
Sequence and Statistical Analysis
Sequence comparisons of genomic regions flanking insertions of
the Tc1 or Tc3 transposons were made using the Basic Local
Alignment Search Technique (Altschul et al., 1990). COILS (Lupas
et al., 1991) was used to predict the presence of coiled-coil domains
in the 1b isoform. The tree of cytoplasmic dynein isoforms in Fig.
5B was constructed using the Wisconsin Sequence Analysis Pack-
FIG. 2. The geometry of the soluble compound chemotaxis assay
(A) and of the aversion assay (B) is shown. A population of worms
accumulate over quadrants containing 75 mM ammonium acetate
(Qa) in the former assay and fail to cross an aversive barrier of 150
mM CuSO4 to approach the volatile odorant isoamyl alcohol
circle) in the latter. Individual animals that show a mutant
henotype in each assay are highlighted (black arrows). Magnified
iews of choice points in each assay are shown (C and D). The line
n (D) represents the extent of the copper barrier.Copyright © 2000 by Academic Press. All rightage (Genetics Computing Group, Version 9.0). Specifically, the
dynein sequences used to construct Fig. 5B were downloaded from
the National Center for Biotechnology Information GenBank data-
base. Cytoplasmic dynein subfamily nomenclature follows that of
Gibbons et al., (1994). The relevant GenBank accession numbers
for the 1b subfamily sequences are human, U20552; Tetrahymena
thermophila, AF025313; rat, D26495; Tripneustes gratilla,
U03969. The GenBank accession numbers (unless otherwise indi-
cated) for the 1a subfamily sequences are Neurospora crassa,
P45443; Nectria haematococca, Swiss-Prot P78716; Emericella
nidulans, Swiss-Prot P45444; Paramecium tetraurelia, Q27171; T.
thermophila, AF025312; human, U53530; mouse, EMBL Z83808;
Tr. gratilla, PIR S36014; Drosophila melanogaster, Swiss-Prot
P37276; C. elegans, Swiss-Prot Q19020; Dictyostelium discoi-
deum, Swiss-Prot P34036; Saccharomyces cerevisiae, Swiss-Prot
P36022. Where available, a 500-amino-acid region starting 18
residues upstream of the first conserved P-loop domain (Walker et
al., 1982) was aligned with PILEUP using default program param-
eters. This region was chosen because little or no sequence from
outside this region has been identified for the 1b isoform of dynein
from other species. For three sequences (the human and rat 1b
isoforms and the human 1a isoform) less sequence downstream of
the conserved P-loop domain was available.
Statistical analysis of behavioral data was done with SPSS for
Windows, Release 7.0. The kinetics of partitioning on the soluble
compound chemotaxis assay were analyzed with a factorial
ANOVA and Newman–Keuls post hoc comparisons. An a level of
.05 was used in all tests.
Dye-Filling Assays
The structural integrity of the sensory neuron endings was
assayed using DiO (or occasionally, 59,59-diphenoxy DiO; Molecu-
lar Probes, Eugene, OR) filling of sensory neurons as previously
described (Hedgecock et al., 1985; Starich et al., 1995).
Molecular Genetics and Cloning
Transposon display technique. Spontaneous mutations de-
rived from the mutator strain NL917 that showed heritable defects
in either assay were outcrossed with the N2 genetic background.
The two mutant alleles selected in the chemotaxis assay (pk359
and pk448) were outcrossed five times and three times, respec-
tively; the allele selected in the aversion assay (pk388) was out-
crossed once. After outcrossing, at least 10 independent animals
from each allele were selected for either the wild-type or the
mutant phenotypes.
Transposon flanks were visualized by adapting the vectorette
technique (Riley et al., 1990), a method devised for the isolation of
terminal sequences from YAC clones. Genomic DNA (100 ng) was
isolated from wild-type and mutant lines as previously described
(Zwaal et al., 1993) and digested with either Sau3A or HinfI.
Equimolar amounts of the vectorette oligonucleotides 503 and 504
(Korswagen et al., 1996) (or 504new for use with HinfI, the same as
504 but with a HinfI recognition sequence at the 59 terminus) were
annealed in TE. These oligos anneal to form a cassette that
contains a short region of noncomplementation. Then 15 pmol of
the annealed vectorette–cassette was ligated overnight at 16°C to
the digested genomic DNA in a 100-ml volume using 5 units of T4
DNA ligase (Boehringer Mannheim). Ligated DNA (3 ml) was used
in a first PCR with 10 pmol of a vectorette-specific primer (505
(Korswagen et al., 1996), which will have a template with which tos of reproduction in any form reserved.
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298 Wicks et al.anneal after first-round extension from the transposon-specific
primer) and 10 pmol of a transposon-specific primer (Tc1L1 for the
left flank of Tc1, Tc1R1 for the right flank of Tc1 (Zwaal et al.,
993), or Tc3-2731: 59-AACGAACGGCATTAGCAG for both
anks of Tc3) in a final volume of 25 ml using 1 unit of Taq DNA
olymerase (Gibco BRL). Twenty cycles were performed with 1
in at 95°C, 1 min at 58°C, and 1 min at 72°C. The product of the
rst PCR was diluted 20 times and 1 ml was used to start a second
PCR using 10 pmol of a nested vectorette primer (337NEW:
59-GTACGAGAATCGCTGTCCTC) and 1 pmol of the appropriate
radiolabeled nested transposon-specific primer (Tc1L2, Tc1R2
(Zwaal et al., 1993), or Tc3-2730: 59-CGGAAGTTCCTCAA-
ACCTTC) in a 10-ml reaction volume using the cycle parameters
escribed above. The PCR products were separated on a 6%
enaturing polyacrylamide gel.
To determine the genomic insertion site, cosegregating bands
ere excised from the dried polyacrylamide gel and incubated in 10
ml of water at 65°C for 10 min. A 1-ml aliquot was used for a PCR
with 10 pmol of the appropriate nested vectorette- and transposon-
specific primers; the PCR conditions were the same as described
above except that the PCR was continued for 30 cycles. The
amplified fragment was purified from a 1% agarose gel and se-
quenced (Craxton, 1991) using a transposon-specific primer.
In general, a battery of transposon displays is produced for any
mutant studied with this technique. The use of more than one
restriction enzyme to digest genomic DNA ensures that transposon
insertions that occur in genomic regions that lack a given restric-
tion enzyme recognition site are still detectable. Furthermore, the
use of transposon-specific primers for both the right and the left
flanks of Tc1 as well as Tc3 ensures that most of the mutagenic
insertions are detectable. Although some mutations are due to
other transposons, imprecise excision, or rearrangements during
transposition, our experience is that the majority of mutagenic
events are due to insertion of the Tc1, Tc3, and Tc4 elements
(S. E. J. Fischer, E. Wienholds, and R.H.A.P., unpublished data). It
should be noted that even when a mutation is not caused by an
insertion, the display still provides rapid and reliable mapping data,
since linked insertions are identified.
GFP expression and cloning. Three constructs (Fig. 6A) were
designed to visualize the fluorescence of translational fusions of
the dynein heavy chain and the green fluorescent protein (GFP)
(Chalfie et al., 1994). For the first construct (pDYNGFPB1-4), a
4.6-kb EcoRI fragment from the cosmid F18C12 containing 2.6 kb
promoter region and coding sequence into the sixth exon was
subcloned into pBluescript (Stratagene) to form pDynGFP1. The
GFP expression vector pPD95.77 (a gift from Andy Fire) was used to
express the fusion product and was prepared by cutting with SalI
and XbaI. A XhoI/SpeI fragment from pDynGFP1 that bracketed
the genomic insert in the appropriate orientation was then ligated
into this linearized pPD95.77 expression vector. A similar con-
struct, with the EcoRI fragment from F18C12 fused in the antisense
orientation into the expression vector, was injected and scored as a
negative control.
Two other constructs were made using a PCR-amplification
approach. PCR primers bracketing upstream promoter DNA and
portions of the predicted reading frame and containing unique
restriction sites (either SpeI and BamHI for pDYNGFP9 or SpeI and
XbaI for pDYNGFP7) were fused in frame with GFP in expression
vectors (pPD95.79 and pPD95.77) designed for this purpose (A. Fire,
personal communication). All cloning junctions were sequenced to
confirm that reading frames were intact. GFP expression was
observed under a Zeiss Axioskope (Zeiss, Germany) equipped withCopyright © 2000 by Academic Press. All righta fluorescent light source and Nomarski optics to assign cell
identity. Laser scanning confocal microscopy was used to visualize
ciliated endings in some worms.
Germ-line transformation. Germ-line transformation (Mello
et al., 1991) was used to rescue the chemotaxis defects of the pk388
allele and to observe expression of the GFP fusion constructs. The
cosmid F18C12 was injected at a concentration of 5 mg/ml along
with 105 mg/ml carrier plasmid DNA and 40 mg/ml lin-15(1) into
the gonads of lin-15(n765ts) worms. The array was integrated and
males from the resulting line were mated with che-3(pk359)I;lin-
15(n765ts)X hermaphrodites to cross in the transgene. All expres-
sion constructs were similarly injected into lin-15(n765ts) worms
t a concentration of either 50 or 100 mg/ml along with the rescuing
arker at 40 or 60 mg/ml, respectively. When necessary, carrier
plasmid was added to a total of 150 mg/ml. Transgenic worms from
hese injections were selected by picking worms which were
escued for the multivulval phenotype at 20°C. The GPA-13::GFP
onstruct used to visualize cilia from rescued worms was injected
t a concentration of 100 mg/ml along with the dominant marker
ol-6(su1006) at 75 mg/ml (Kramer et al., 1990).
RESULTS
Behavioral Selection of Chemotaxis Mutants
Chemotaxis mutants were selected using two assays of
soluble compound chemotaxis: one specific for loss of
attraction to an attractive salt (ammonium acetate) and one
specific for loss of aversion to copper sulfate (Fig. 2). The
quadrant assay is relatively versatile and has been used to
test a wide variety of soluble compounds. A population of
animals will partition over quadrants which can contain a
wide variety of dissolved soluble attractants (Fig. 2C). The
copper avoidance assay is similar in principle to one devel-
oped by Culotti and Russell (1978) for the avoidance of high
osmotic pressure in that mutants will cross a water-soluble
barrier that wild-type worms will not. The soluble com-
pound aversion assay presented here was performed by
placing the worms on one side of a petri dish, an attractive
odorant on the other side, and a thin line of a water-soluble
repellent in between. Wild-type animals stopped in front of
the barrier (Figs. 2B and 2D).
A strain which is permissive for germ-line transposition
(NL917, containing mut-7(pk204)III (Ketting et al., 1999))
was kept in culture and periodically screened for defects
either in approach to ammonium acetate or in avoidance of
copper sulfate (Fig. 3).
The Dynein Heavy Chain 1b Isoform Is Required
for Chemotaxis
A recessive mutant (pk359) that failed to approach am-
monium acetate was derived from NL917 and was out-
crossed five times against an N2 background. After the last
outcross, siblings that had either retained or lost the mu-
tant phenotype were isolated and allowed to produce clonal
offspring. The genotype of each of these lines was then
analyzed as described (see Experimental Procedures; Fig.
4A) to isolate any transposon polymorphisms that segre-s of reproduction in any form reserved.
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299CHE-3 in Caenorhabditis elegansgated with the mutant phenotype. An informative region of
the Tc3 transposon insertion display for pk359 siblings is
hown in Fig. 4B. One band that cosegregated with the
utant phenotype was excised, sequenced, and shown to
epresent a disruption in an open reading frame on the right
rm of chromosome I that was predicted to encode a dynein
eavy chain.
Since this insertion display technique identifies only
ransposon insertions that are genetically linked to the
utation, and since there is no guarantee that the display
echnique visualizes all transposon insertions, once a can-
FIG. 3. The responses of wild-type and mutant lines to 75 mM
ammonium acetate in the soluble compound chemotaxis assay (A)
and 150 mM CuSO4 in the aversion assay (B). All means are of at
east six independent tests. The mutant chemotaxis phenotype of
k359 is rescued by germ-line transformation with cosmid clone
18C12 containing a wild-type copy of the 1b dynein isoform. Error
ars are SEM.Copyright © 2000 by Academic Press. All rightidate is identified, further evidence of the causal link
etween that insertion and the mutant phenotype must be
stablished. In this case, another recessive allele of this
ame gene (pk388) was identified in the parallel screen for
opper avoidance mutants and shown to have a Tc1 inser-
ion in the same conserved region. These two strains shared
dentical phenotypes on both assays. Subsequently, a third
FIG. 4. Identification of a Tc3 insertion in the dynein heavy chain
gene using the transposon insertion display technique. (A)
Genomic DNA containing integrated transposons (stippled box) is
digested with Sau3A. Vectorette oligos (black blocks) are ligated to
the digested DNA and a PCR is performed using primers in the
transposon and in the vectorette (small arrows). Due to the struc-
ture of the vectorette, this second primer can anneal to the
vectorette only after the transposon primer has been elongated in
the first PCR round (the product of the first PCR round is indicated
as a dashed line). Thus, PCR products will be generated only when
the restriction fragment has a transposon primer site. A second
PCR is performed using nested primers; the transposon primer is
radiolabeled and reaction products are analyzed on a denaturing
polyacrylamide gel. (B) An informative region of the Tc3 transpo-
son insertion display is shown using a panel of 7 wild-type and 8
mutant siblings generated after an outcross of the pk359 strain
with N2. The arrows indicate Tc3 transposon insertions that
cosegregate with the mutant phenotype.s of reproduction in any form reserved.
1
P
f
c
h
d
a
T
g
p
f
t
b
300 Wicks et al.independent insertion (pk448::Tc3) in the dynein heavy
chain gene was isolated in screens for ammonium acetate
chemotaxis mutants. That three independent insertions in
a single predicted open reading frame resulted in a recessive
chemotaxis defect strongly suggests that this open reading
frame codes for a protein required for chemotaxis.
The dynein heavy chain predicted open reading frame
covers a relatively large region of approximately 20 kb of
genomic DNA (Fig. 5A). Genefinder predictions indicate 46
exons that code for a 12.3-kb transcript. The predicted
protein possesses a number of domains that are shared by
all members of the dynein superfamily. Dyneins character-
istically possess four P-loop (ATP-binding) domains; hydro-
lysis of ATP at the first of these sites is critical for dynein
function (Holzbaur and Vallee, 1994). Furthermore, a large
carboxy-terminal domain, covering roughly 60% of the
protein, is necessary for the binding of ATP (Gee et al.,
997) in the P-loop domain. A region downstream of the last
-loop domain (E2796 to Q2837) is strongly predicted to
orm a coiled-coil dimer. This is consistent with this region
orresponding to a stalk which pivots in response to ATP
ydrolysis and is thought to provide the power stroke of
ynein function (Gee et al., 1997). Of the three insertion
lleles, two of them—pk359, a Tc3 insertion, and pk388, a
FIG. 5. Genomic structure of the locus F18C12.1 (A). Regions t
alleles. The portion of the peptide predicted to be deleted by e1124
more than 50% of aligned sequences are black and conserved residu
indicates that F18C12.1 contains a definitive cytoplasmic family m
in the 1b subfamily. Asterisks indicate species for which incomplCopyright © 2000 by Academic Press. All rightc1 insertion—cluster in the same conserved region of the
ene, downstream of this coiled-coil region. Two other
otential coiled-coil domains (from S2991 to L3017 and
rom E3268 to Q3296) are predicted to form coiled-coil
rimers. These regions are thought to be involved in the
inding of microtubules (Gee et al., 1997). The third inser-
tion (pk448)—also a Tc3 transposon—is in the second to
last exon, 181 amino acids residues from the carboxy
terminus of the predicted protein. Remarkably, this down-
stream insertion resulted in the same phenotype as the two
upstream transposon insertions, suggesting that even this
last part of the protein is required for protein activity.
Transposon insertions frequently result in transcript trun-
cations which are susceptible to rapid degradation prior to
translation (Pulak and Anderson, 1993).
The placement of the chemotaxic-defective alleles of the
dynein heavy chain on the physical map, in a cluster of
genes on the right arm of chromosome I, suggests that
dynein may correspond to the che-3 locus. To determine if
this was the case, a complementation cross was done with
the reference allele, che-3(e1124), and a transposon inser-
tion allele (pk359::Tc3), using a visible marker in trans. The
double heterozygote was as defective for attraction to
ammonium acetate as either parental strain (data not
ode for predicted peptide motifs are indicated as are five mutant
rayed out. A gapped alignment (B, residues which are identical in
e gray) of the first two P-loop domains for several dynein isoforms
(black arrows) downstream of the first P-loop domain and clusters
quence was available for alignments.hat c
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301CHE-3 in Caenorhabditis elegansshown) and was also defective for the filling of exposed
sensory neurons with a lipophilic dye (see below). Thus
pk359 failed to complement che-3(e1124), and therefore
CHE-3 is a dynein heavy chain.
Although many alleles of che-3 have been isolated since
t was first identified as a genetic locus (Lewis and Hodgkin,
977), no sign of an allelic series has been noted. All
haracterized alleles of che-3 share the same phenotype:
complete absence of dye filling of sensory neurons with
lipophilic fluorescent dyes (FITC, DiO, and DiI). All three
alleles identified in this screen share this phenotype (data
not shown). However, the molecular nature of the three
insertion alleles (Fig. 5A) does not suggest that any of these
alleles represents a molecular null. To establish the null
phenotype of che-3, we completely sequenced two existing
alleles of the gene. Both alleles of che-3 that were sequenced
were derived from EMS screens (Lewis and Hodgkin, 1977).
The che-3(e1253) allele results in the disruption of a splice
cceptor consensus sequence (ga to aa) for predicted exon
6. The reference allele of che-3, e1124, corresponds to an
ochre stop in exon 27 (caa to taa, Q2233Stop; Fig. 5) in the
first amino acid position after the third of four conserved
P-loop domains. The predicted truncation produced by this
premature stop removes 49.3% of the peptide, including
regions that have been shown to be required for procession
of cytoplasmic dyneins in vitro along microtubule sub-
strates (Gee et al., 1997). This, combined with genetic data
howing that the homozygous e1124 allele has the same
henotype as e1124 in trans to three separate deficiencies
Starich et al., 1995), constitutes strong evidence that e1124
s a null allele of che-3.
A sequence alignment was made of the first two con-
erved P-loop domains (about 500 amino acids) from several
pecies. This alignment indicated that the worm isoform
dentified in these screens contained a sequence motif of an
lanine and an aspartic acid, separated by 14 residues just
ownstream of the first P-loop domain (black arrows, Fig.
B) diagnostic of the cytoplasmic subfamily of dynein (Asai
t al., 1994). Therefore, subsequent PILEUP analysis was
imited to this subfamily and suggested that this isoform
urther clustered within the 1b branch of the cytoplasmic
ubfamily. This isoform of cytoplasmic dynein emerged
fter the divergence of yeast from the balance of eukaryotic
hylogeny and is less well characterized than other dynein
ubtypes (Asai et al., 1994; Tanaka et al., 1995). Recently,
however, dynein subtypes that are homologous to CHE-3
have been studied in Chlamydomonas (Pazour et al., 1999)
and Tetrahymena (Lee et al., 1999).
To further confirm that these che-3 transposon insertion
alleles underlie the ammonium acetate approach defects
and copper avoidance defects, lin-15(n765ts) animals were
injected with cosmid F18C12 containing the che-3(1) gene
together with the lin-15(1) gene as a marker to identify
transgenic animals (Mello et al., 1991; Clark et al., 1994;
Huang et al., 1994). The extrachromosomal array was
integrated and crossed into the che-3(pk388::Tc1);lin-
15(n765ts) mutant. The mutant chemotaxis phenotypesCopyright © 2000 by Academic Press. All rightwere completely rescued in these transgenic worms (Figs.
3A and 3B) as were the dye filling defects (data not shown).
CHE-3::GFP Is Expressed in Ciliated Neurons
The expression of several GFP–reporter fusion constructs
was assessed. All constructs studied showed a spatially and
temporally restricted pattern of expression (Fig. 6). The
highest and most consistent expression was observed with
several independent strains derived from the largest expres-
sion construct (DYNGFP1B-7). In general, expression was
nearly exclusive to neurons which possessed ciliated sen-
sory specializations, and the extent and level of expression
correlated roughly with the growth of the ciliated endings
of these neurons. Since neurulation (and presumably cilia
growth) occurs in ovo, and since cells at this stage of
development are compact and difficult to identify it was not
strictly possible to demonstrate that all ciliated neurons
express the fusion construct. However, a subset of neurons
with ciliated endings (ADL, ASH, ASI, ASJ, PHA, PHB,
AQR, and PQR) generally show modest and somewhat
variable expression of the fusion construct throughout the
life span of the animal.
Expression was first noted at approximately 380–400 min
after fertilization—a time corresponding to the comma
stage of development (Sulston et al., 1983)—in two cells
flanking the developing pharynx. Expression rapidly in-
creased in extent and intensity, peaking in the threefold
stage in many cells (.30) located anterior and posterior to
the nerve ring, as well as in four cells in the developing tail.
Expression in the region adjacent to the nerve ring was
consistent with all ciliated neurons in this region showing
fluorescence. Expression was maintained through most of
embryogenesis but decreased in extent and intensity
shortly after hatching; late L1 larvae typically showed
expression in the phasmids (PHA and PHB) and five or six
neuron classes in the head, which usually included ADL,
ASK, ASH, ASJ, and ASI but also variably included a subset
of ASE, ASG, ADF, AFD, FLP, and ADE. With occasional
exceptions, most of the neuron classes anterior to the nerve
ring, which based on position may have been BAG, IL1, IL2,
OLL, CEP, and OLQ, ceased expressing the reporter late in
embryonic development. Surprisingly, the neurons with the
most elaborate ciliated endings—the amphid wing cells,
AWA, AWB, and especially AWC—did not show expression
after hatching. Expression did not decrease much further
than this as the animal aged.
Some ciliated neurons appear postembryonically (Sulston
and Horvitz, 1977). The QR2 and QL blast cells divide after
hatching to form the anterior AQR and the posterior PQR
neurons. Both these cells showed expression in developing
larvae from the L3 stage on. Furthermore, the postdeirid
structure in the worm’s midbody region also appears
postembryonically and contains a ciliated neuron (PDE)
that showed clear fluorescence in many animals (Fig. 6H).
This expression was also transiently restricted to a period of
time shortly following the appearance of this neuron.s of reproduction in any form reserved.
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302 Wicks et al.In addition, two examples of weak expression in uncili-
ated cells were noted. First, at least one pharyngeal neuron
(tentatively identified as I4) showed weak expression in
some animals. Finally, barely perceptible fluorescence was
occasionally observed in the coelomocytes of some worms.
Interestingly, these cells become highly vacuolated as the
animal ages (Sulston and Horvitz, 1977), suggesting that
dynein 1b may participate in vesicle recycling in these
specialized structures. However, since these expression
patterns were weak and not present in all animals, it is not
clear if they are indicative of a function.
FIG. 6. Three CHE-3::GFP fusion constructs (A) are aligned at the
re expressed in all ciliated neurons and are developmentally regula
nd ASI). Lines from the other two constructs showed similar patte
omewhat from the nucleus and was more readily observed in pro
t the threefold stage (C) both anterior and posterior to the nerve rin
osterior to the nerve ring (D) and tail (E) of larval worms and adult
nd PHB on the left side of the tail, G; PDE, H) also expressed theCopyright © 2000 by Academic Press. All rightThe 1b isoform of dynein has been shown to be expressed
uring the growth of motile cilia in sea urchins (Gibbons et
l., 1994) and involved in the organization of the Golgi
pparatus in nonciliated cells (Vaisberg et al., 1996). The
henotype of che-3 is consistent with the former function,
ut no evidence of the latter function could be identified.
ith the possible exceptions noted above, these expression
atterns are also consistent with the hypothesis that muta-
ions in the dynein 1b gene result in cell-autonomous
efects in the growth of nonmotile sensory cilia in the
orm. The absence of broader expression, and the lack of a
ation of translation (ATG). Boxes indicate exons. These constructs
pDYNGFP7 showed weak expression in three neurons (ADL, ASH,
f expression; the largest (pDYNGFPB1-4) appeared to be excluded
s. Expression was first noted in comma-stage embryos (B), peaked
creased by hatching, but was still present in some cells in the head
nd G). Postembryonic cells that form cilia (PQR accompanies PHA
on construct.initi
ted.
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Copyright © 2000 by Academic Press. All rightmore severe viability phenotype, suggests that this isoform
of dynein is not involved in the organization of the Golgi
apparatus in the nematode.
Dynein Is Required for Sensory Cilia Structure
Previous EM reconstructions of ciliated endings in che-3
animals have shown that these endings are malformed
(Lewis and Hodgkin, 1977; Albert et al., 1981). The ciliated
endings of sensory neurons in unfixed, living che-3(pk359)
mutants were compared to those of wild-type animals by
fluorescence and scanning-laser confocal microscopy. Two
integrated reporter constructs (gifts from Gert Jansen) were
used to visualize specific amphid and phasmid cilia integ-
rity. A subset of amphid cilia were thus visualized (see Fig.
7) with a GFP reporter construct encoding a G-protein a
subunit fusion protein (GPA-15::GFP). This produced clear
fluorescence in ASH, ASK, and ADL, neurons that have
been shown to respond to soluble signals (Albert et al.,
1981; Kaplan and Horvitz, 1993). A second GFP reporter
fusion using another Ga subunit (GPA-13) afforded clear
isualization of phasmid cilia and was also used to visualize
he AWC amphid wing cilia.
No gross disturbances in cell lineage, placement, mor-
hology, or process outgrowth were detected in the visual-
zed neurons of worms in this study using these constructs
data not shown). The cilia of che-3(pk359) animals, how-
ever, showed clear developmentally progressive abnormali-
ties (Fig. 7) under confocal analysis. In all larval animals,
the amphid cilia of che-3(pk359) animals (Figs. 7A and 7B)
were shorter and rounder than the endings of wild-type
animals, as were the phasmid cilia (data not shown). These
changes were progressive, as they were significantly more
pronounced in the adult animal than in the larval worm
(Figs. 7A–7D). Specifically, backward-projecting outgrowths
from amphid cilia endings were frequently seen in mutant
adults, but were absent in larval mutants.
As noted above, expression in several neurons ceased by
hatching and thus it was not possible to confirm expression
of reporter fusions in all ciliated neurons, including the
amphid wing neurons that detect volatile odorants (Barg-
mann et al., 1993). The cilia of one such cell, AWC, is
unusually expansive, and clear changes in the shape and
extent of this wing-like structure were evident in che-3
mutants using the GPA-13::GFP reporter construct (Figs. 7E
and 7F). Finally, the cilia of mutant worms carrying the
rescuing transgene were morphologically normal (not
shown), consistent with the fact that the rescued lines show
intact chemotaxis behavior.
FIG. 7. Cilia in wild-type (A, C, E) and mutant (B, D, F) worms
visualized with confocal microscopy on living worms. The cilia of
ADL and ASH in che-3 larval (B) or adult (D) worms are shorter and
ounder than similarly staged wild-type worms (A and C). The
mphid wing neuron (AWC) cilia (F) is also malformed compared to
he wild-type ending (E).s of reproduction in any form reserved.
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Function of Dynein 1b in the Nematode
Dynein is a superfamily of proximal or minus end-
directed molecular motors associated with flagellar beating
(Gibbons et al., 1994; Rasmusson et al., 1994), the estab-
lishment of left–right asymmetry during development
(Supp et al., 1997), mitotic spindle assembly (Steuer et al.,
1990; Gaglio et al., 1996), retrograde axonal transport
Schnapp and Reese, 1989; Muresan et al., 1996), and
intracellular organelle transport (Presley et al., 1997) as well
as other functions (reviewed in Holzbaur and Vallee, 1994).
The power stroke for transport or movement is provided by
the hydrolysis of ATP at the first P-loop domain of one of
two heavy chains in a dimer which is further associated
with a number of intermediate and light chain subunits.
Two subfamilies of dynein have been characterized. An
extensive subfamily of axonemal dynein heavy chains is
responsible for the beating of flagella and cilia produced by
active sliding of microtubule doublets, while a cytoplasmic
dynein subfamily affects the movement of a variety of
intracellular events. The diversity of the axonemal subfam-
ily of the dynein heavy chain is extensive (Gibbons et al.,
1994). In contrast, only a few isoforms of the cytoplasmic
dynein have been identified; one, DHC1a (Paschal et al.,
1987), appears to have a variety of functions and is ubiqui-
tously expressed in many organisms from yeast to higher
mammals, while another, more recently identified, form of
cytoplasmic dynein, DHC1b (Criswell et al., 1996), is
associated with the regrowth of motile cilia after deciliation
in sea urchins (Gibbons et al., 1994) and has been shown to
be associated with the Golgi apparatus (Vaisberg et al.,
1996) in nonciliated mammalian cell lines. The role of the
1b isoform has also been investigated in Chlamydomonas
and Tetrahymena. Although in the former organism a role
for DHC1b in flagellar maintenance is quite clear (Pazour et
al., 1999), disruption of Dyh2 (a DHC1b homologue) had
little effect on cilia regeneration or morphology in Tetrahy-
mena (Lee et al., 1999). In the worm, the lack of a nonneu-
ronal phenotype and the apparent lack of expression outside
a subset of ciliated cells suggest that this protein is respon-
sible only for cilia growth and maintenance.
A Mechanism for the Regulation of Cilia Structure
Dynein is not necessary for all sensory function. There
are many ciliated neurons in the worm, but several sensory
neurons are unciliated. The cells which mediate mech-
anosensory stimuli in the body (PLM, ALM, AVM, and
PVD; Chalfie et al., 1985; Wicks and Rankin, 1995), for
xample, are nonciliated (Chalfie and Thomson, 1982).
esponse to body touch is intact in che-3 animals, and no
xpression of dynein was noted in these cells. Indeed, the
efects observed as a consequence of the che-3 mutation are
trikingly specific. Only the ciliated endings of a specific
ubset of sensory neurons are affected. Even in these cells,
he morphological disorganization is highly specified, bothCopyright © 2000 by Academic Press. All rightpatially and developmentally; neurons mature normally
nd are disorganized only in the most distal region of the
iliated structure.
Our current understanding of how developmental mecha-
isms are extended as an organism ages into regenerative
nd modulatory processes is incomplete. The regulation of
ilia structure formation and maintenance is an example of
ne such ongoing process that is amenable to genetic
nvestigation in C. elegans. Many chemotaxis-defective
mutants have aberrant cilia structure (Albert et al., 1981;
Perkins et al., 1986; Starich et al., 1995) and some of these
have recently been characterized. The first, osm-3, encodes
a nematode kinesin protein (Shakir et al., 1993), a (1)
end-directed molecular motor with functions that comple-
ment those of dynein (Orozco et al., 1999). It has also
ecently been shown that a second kinesin-based holoen-
yme (Cekinesin-II) acts in concert with OSM-3 to effect
he growth of cilia (Signor et al., 1999b). The third cloned
gene with effects on cilia structure was odr-3, a G-protein a
subunit expressed in the amphid wing neurons required for
smell (Roayaie et al., 1998). Also recently, osm-1 (Steve
Stone, Andrew Davis, and Jocelyn Shaw, personal commu-
nication) and osm-6 (Collet et al., 1998), which code for
proteins with some homologies to IFT-associated raft pro-
teins, and che-2, a novel protein, (Fujiwara et al., 1999),
ave been cloned.
How these cloned genes as well as other uncloned genes
nteract with the dynein heavy chain to affect cilia struc-
ure and function is not yet clear, but a suggestive picture is
merging. Cytoplasmic dynein, acting as part of a multisub-
nit complex, and kinesin each transport cargo in opposite
irections along the same microtubule lattice in a variety of
ystems (Goodson et al., 1997). It has been suggested that
ynein-mediated transport is regulated by the presence or
bsence of a (1) end-directed motor such as kinesin (Mure-
an et al., 1996). Thus a balance between dynein and
inesin activity determines the organization of cytoplasmic
rganelles and structures (Gaglio et al., 1996). If a similar
mechanism were applied to cilia and flagellar growth and
regeneration, the rate and net direction of cilia-associated
proteins transported along the axoneme that occur during
structure formation (Dutcher, 1995)—and perhaps the
growth of the axoneme itself—could then be controlled by
modulating the expression or activity of each of these two
motor proteins. Direct observation of the anterograde trans-
port process using GFP-tagged kinesin accessory protein
(Orozco et al., 1999) strongly supports the hypothesis that
kinesin acts as the motor protein that transports rafts of
material to the tips of ciliated endings. Dynein then acts to
remove accumulating material from the ciliated endings.
Three lines of evidence further support such an hypoth-
esis. First, ciliated endings in the worm can be bidirection-
ally modulated in response to sensory input (Albert et al.,
1981). Second, both kinesin (osm-3) (Perkins et al., 1986)
and dynein (che-3) (Lewis and Hodgkin, 1977; Albert et al.,
1981) mutations affect the structure of an overlapping
subset of sensory cilia in a complementary fashion: Ins of reproduction in any form reserved.
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form, whereas the remainder of the cilia are intact; in che-3
worms the cilia are swollen and bulb-like (Lewis and
Hodgkin, 1977; Albert et al., 1981; Fig. 7). These abnormali-
ties of the amphid neuron structure are consistent with a
breakdown in the proposed balance that is struck between
dynein and kinesin activity. Third, direct observation of
retrograde IFT confirms that this process is impaired or
completely absent in a che-3 mutant background, whereas
dendritic retrograde transport is intact (Signor et al., 1999a).
Although the primary function of the 1b isoform of
dynein appears to be as a (2) end-directed motor used to
remove accumulated material from the ends of cilia during
formation of those structures, two pieces of evidence sug-
gest that this role is extended to the maintenance of the
integrity of these cilia later in development. First,
CHE-3::GFP is expressed in some of these cilia throughout
the life span of the worm. Second, the cilia of these cells
appear to become progressively more distorted with age.
That is, at least in some cells, retrograde IFT appears to be
constitutive, subserving either the regeneration of these
cilia and the sensory apparatus localized to ciliated endings
or some other process such as secretion. Sensory neurons
will secrete toxins that are inadvertently taken up during
the process of perception. Secretory processes may also
have functional significance for the worm (e.g., secretion of
signals or pheromones).
Defects in ciliated sensory endings in humans underlie a
number of heritable deficits and syndromes (Afzelius,
1995). For example, myosin VIIA (Weil et al., 1995) has been
shown to underlie Usher IB syndrome in humans, which is
characterized by congenital deafness, vestibular areflexia,
and progressive retinitis pigmentosa. This membrane-
associated motor protein is expressed in developing sensory
epithelia, and defects in this gene are thought to result in
abnormal stereociliated ending formation in affected struc-
tures (Weil et al., 1996), similar to the cilia defects dis-
cussed here. Nematode chemotaxis could be an effective
genetic model system of this array of human sensory
pathologies. Continued forward screens using nematode
chemotaxis can be complemented by directed knockouts in
the nematode system (Jansen et al., 1997) to further our
understanding of how sensory ending structure is formed
and how that structural integrity impacts the function of
the transduction process in both the intact and the patho-
logical condition.
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